Vegis has put forward the theory that the range of growth-promoting temperatures changes during the induction and the release of dormancy. We have tested the response of buds of Betula pubescens Ehrh. and B. pendula Roth. on temperature during the induction and release of dormancy. Betula seedlings were exposed to dormancy-inducing high-temperature and short-day conditions and subsequently to dormancy-releasing chilling conditions in darkness. To monitor the dormancy status of the seedlings, subsets of them were transferred to five forcing temperatures and their budburst was observed. The results show that the expression of dormancy was temperature dependent, so that the minimum temperature for 100% budburst rose during the induction and dropped during the release of dormancy. These responses may explain previous contradictions between experimental and modelling studies, but that needs to be verified with more extensive experiments, some of which are identified in this study. The results provide further evidence for the concept of gradual change in bud dormancy. They also suggest that global change studies modelling budburst phenology should address the changing expression of bud dormancy.
Introduction
In boreal and temperate tree species, the regulation of the annual cycle of growth and dormancy is of great significance for growth and survival under the northern climatic conditions (Perry 1971 , Fuchigami et al. 1982 . The main environmental cues for this regulation are photoperiod and air temperature (Hänninen and Tanino 2011) . In species with a free growth pattern, the cessation of growth and induction of dormancy are caused by short photoperiods (SD) in the autumn (Dormling et al. 1968 , Håbjørg 1972 , Heide 1974 , Junttila 1976 . In seedlings of Betula, both the induction rate of bud dormancy and the depth of the dormancy are enhanced by high as opposed to low temperatures during the SD period (Junttila et al. 2003 , Heide 2003 . Similar results have been reported for other species as well (Dormling et al. 1968 , Jonkers 1979 , Westergaard and Nymann Eriksen 1997 , Søgaard et al. 2008 , Granhus et al. 2009 ). Recent studies with Populus have shown that day and night temperatures may have different functions, i.e., the day temperature influences the induction rate of dormancy while the night temperature affects the cessation of growth and the depth of dormancy (Kalcsits et al. 2009 , Tanino et al. 2010 . Further, temperature modifies the sensitivity to day-length signals at growth cessation and influences the duration of bud formation in poplar (Rohde et al. 2011) .
Bud dormancy is released by an exposure to chilling temperatures in late autumn and early winter (Worrall and Mergen 1967 , Sarvas 1974 , Leinonen 1996 . In most northern species, including Betula, a relatively short chilling period is sufficient to obtain 100% budburst, but extended chilling results in reduction of the time to budburst (Heide 1993 , Junttila et al. 2003 . After the chilling requirement has been met, the timing of budburst is considered to depend on the accumulation of hightemperature units, such as day degrees, which drive the ontogenetic development towards budburst (Sarvas 1972 , Campbell and Sugano 1975 .
On the basis of his extensive review of the literature, Vegis (1964) presented a generalized theory of the phases of dormancy in plants. According to the theory, dormancy is temperature dependent, so that the temperature range for seed germination or budburst is narrowed during the induction and widened during the release of dormancy. In true dormancy, no growth or germination is observed in any temperature conditions (Vegis 1964 ). Vegis described three main types of temperature responses: (i) narrowing of temperature range for growth through decrease in maximum temperature; (ii) narrowing of temperature range for growth through increase in the minimum temperature; (iii) narrowing of temperature range for growth through both decrease of the maximum and increase in the minimum temperature. The type (ii) is relevant for plants in the boreal regions; the minimum temperature above which seed germination or budburst occurs rises during the induction and drops during the release of dormancy (Vegis 1964) . Temperature range below 10-15 °C is the most interesting with respect to budburst of birch in the boreal regions. Such a response has been shown in seeds of several species, including Betula, particularly during the release of dormancy (Vegis 1964 , Junttila 1970 , see also Salažs and Ievinsh 2004) .
Since the 1970s, the budburst phenology of boreal and temperate trees has been modelled with process-based ecophysiological simulation models addressing both the chilling requirement of the release of dormancy and the high-temperature requirement of budburst (for reviews, see Chuine et al. 2003, Hänninen and Kramer 2007) . These models have also been used in scenario simulation studies projecting the effects of climatic warming on the boreal and temperate trees (Cannell and Smith 1986 , Murray et al. 1989 , 1994 , Hänninen 1991 , 2006 , Kramer 1994 , Morin et al. 2009 ). The current processbased models do not address the temperature-dependent expression of dormancy assumed in Vegis's (1964) theory. This is not surprising; to our knowledge, Vegis's (1964) theory has not been tested experimentally for bud dormancy in boreal or temperate trees until now.
Omitting Vegis' (1964) theory from the current processbased models is unfortunate, because the theory is especially relevant to the effects of climatic warming on temperate and boreal trees. Using the process-based models it has been projected that boreal and temperate trees may deharden and start to grow during intermittent mild spells in winter and get seriously damaged during subsequent frost periods (Cannell 1985 , Hänninen 1991 , 2006 . According to this hypothesis long-term intermittent exposure to air temperatures slightly above zero is, during winter, detrimental to the trees (Hänninen et al. 1996) . However, if Vegis's (1964) theory of the increased minimum temperature for growth (and the related dehardening) during overwintering is valid, then the trees remain dormant and frost hardy during the intermittent mild spells and avoid the potentially threatening damage during subsequent frost periods.
The purpose of this study was to test Vegis's (1964) theory by determining the lower threshold of the growth-promoting temperature range at various stages of induction and release of dormancy. Seedlings of two ecotypes of Betula pubescens and B. pendula were used in these experiments. We examined the effects during both the induction and the release of dormancy, hypothesizing that the expression of bud dormancy in Betula depends on the forcing temperature in the manner previously documented for seed dormancy in the Betula species.
Material and methods

Plant material and growth conditions
The study was carried out in the phytotron of the University of Tromsø (lat. 69°03′N). The temperature in the compartments was controlled to ±0.5 °C, and the humidity was adjusted to give a water vapour deficit of 0.5 kPa.
The plant material used in this study is shown in Table 1 . The seeds were stratified in moist sand for about 2 weeks and germinated in early July 2009 at 21 °C and a 24-h photoperiod. The seedlings were transplanted into 12-cm pots, four seedlings per pot, in a mixture of fertilized peat and sand (1 : 1) and grown at 18 °C in a 24-h photoperiod under natural daylight conditions until incandescent lamps were added on 21 July to keep the photoperiod at 24 h. From 20 August on, daylight was supplemented with Philips TLD 489 fluorescent tubes and incandescent light to give a minimum of 150 µmol m −2 s −1 photosynthetic active radiation (PAR) and a 24-h photoperiod. The plants were watered daily and fertilized once a week with a complete nutrient solution (for the composition, see Junttila 1980) .
Experimental design
An SD treatment (18 °C, 12-h photoperiod) for the induction of dormancy was started on 1 September 2009. The induction In the forcing conditions, budburst was observed three times a week for 60 days, separately for the apical bud and the topmost four lateral buds. For the criterion of budburst, the emergence of green leaves from the bud was used. In a few cases, however, only one or two leaves emerged, and they did not develop further; those cases were excluded from the final count of budburst. The number of days to 50% budburst was estimated by interpolation for each pot, and the budburst percentage was also calculated for each pot and bud type, and these values were used in statistical analyses. Accumulated day degrees until the day of 50% budburst were calculated with the base temperature of 0 °C (Heide 1993, Myking and Heide 1995) .
In addition to the main experiment, seedlings exposed to no chilling treatment after the dormancy-inducing SD treatment of 4, 8 or 12 weeks were observed in the lowest three forcing temperatures for an additional 100 days, and the shoots developed were measured at the end of the experiment. This additional forcing was carried out with seedlings of both ecotypes forced at 9 °C and, in the case of the northern ecotypes, also with seedlings forced at 12 and 15 °C, and in all cases with a 24-h photoperiod.
Statistical tests
Statview 4.0 (Abacus Concepts, Berkeley, CA, USA) software was used to analyse the data for percentage budburst and days to 50% budburst as factorial experiments (ANOVA). In analyses for the induction of dormancy, the experimental factors were the duration of the SD treatment, species, ecotype, forcing temperature and bud type. The material was first analysed by using all five experimental factors. Further analyses were carried out separately for each SD exposure (4, 8 and 12 weeks) and bud type (apical and lateral) as a three-factor experiment with the species, ecotype and forcing temperature as experimental factors. For the release of dormancy, the experimental factors were the duration of the chilling, species, ecotype, forcing temperature and bud type. In addition to an analysis with all these factors, separate analyses for the various chilling periods (0, 2, 4 and 8 weeks) and bud types were performed, with the species, ecotype and forcing temperature as experimental factors. The least significant difference (LSD) was calculated according to the method of Snedecor and Cochran (1967) . The data for days and day degrees to 50% budburst were also subjected to regression analyses. In these analyses, only the samples that had reached 50% budburst or more were included. The pots were randomly distributed in the growth room, and each pot was used as a replicate (four pots, each with four seedlings per treatment and ecotype).
Results
Temperature responses during the induction of dormancy
The forcing temperature had a significant effect on the percentage budburst (P < 0.001), and the results (Figure 1 ) suggest that the threshold temperature for budburst rose during the initial phase of dormancy induction. After just 4 weeks of SD treatment at 9 and 12 °C, most buds had already lost their ability to burst within 60 days, while at 18 and 21 °C, the percentage of budburst in the apical buds was about 35-60 in the northern and 90-100 in the southern ecotypes (Figure 1a ). The extension of the SD treatment to 8 weeks reduced the percentage of budburst in all forcing temperatures, but the budburst percentage in the apical buds was still 40-75% in high temperatures (Figure 1b) . Short-day treatment for 12 weeks enhanced budburst in the apical buds in comparison with 8 weeks of SD (Figure 1b and c; P < 0.001 for the main effect of the duration of SD treatment). However, after 12 weeks of SD (Figure 1f ), budburst in the lateral buds remained at the generally low level observed after 8 weeks of SD treatment (Figure 1e ). The occurrence of budburst without chilling suggests that no true dormancy (Vegis 1964) was induced under the conditions applied.
During the dormancy-inducing SD treatment, B. pendula and B. pubescens had similar temperature responses and the main effect of the species was not statistically significant, nor were the interactions between the species and other experimental factors. Bud dormancy developed faster in the northern than in the southern ecotypes, as shown by the faster decrease of the budburst percentage in the former during the SD treatment (Figure 1 ). Furthermore, after 12 weeks in SD, too, budburst was significantly (P < 0.001) lower in the northern (16.4%, mean of apical and lateral buds) than in the southern (37.2%) ecotypes (Figure 1c and f) . After 8 and 12 weeks in SD, the lateral buds were more dormant than the apical buds (Figure 1b , c, e, and f; P < 0.001).
The budburst percentages obtained after an additional 100-day forcing (bringing the total forcing to 160 days) deviated from those obtained in the main experimental design of
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Downloaded from https://academic.oup.com/treephys/article-abstract/32/3/337/1687347 by guest on 18 January 2019 60-day forcing. The results for the apical buds of seedlings given 12 weeks of SD treatment are shown in Table 2 . At both 9 and 12 °C, the budburst percentage was close to 100%, and even at 15 °C it was roughly 70-80%. At 9 °C, the time to 50% budburst varied from 101 to 115 days (results not shown). In seedlings exposed to SD for 4 weeks, the budburst percentage after forcing for 160 days was only 20% at 15 °C, about 75% at 12 °C and 100% at 9 °C. Thus, these results also support the observation that in the apical buds, SD treatment for 12 weeks reduced the depth of dormancy in comparison with the shorter treatments ( Figure 1,  see above) .
In general, the length of the new shoots was highly variable even after the additional forcing of a hundred days, evincing a large standard deviation ( Table 2) . Some of the shoots developed normally, some had reduced elongation due to short internodes, some formed a new apical bud after a short period of growth and in three cases the apical shoot was plagiotropic. Such abnormal growth was observed particularly at 9 and 12 °C in plants exposed to 4 weeks of SD; ~15% of the developed shoots had reduced internodes. These results suggest that the release of dormancy taking place in forcing conditions at 9 and 12 °C over a prolonged period of time was not as complete as the release taking place over a shorter period of time in chilling conditions at 4 °C.
Temperature responses during the release of dormancy
Increasing the duration of chilling at 4 °C widened the temperature range for budburst towards lower temperatures (Figure 2) . After 2 weeks of chilling the percentage of budburst was significantly lower at 9 and 12 °C than at higher temperatures, but after 4 or 8 weeks of chilling the forcing temperature had no significant effect on the percentage of budburst in apical buds (Figure 2) . Thus, the main effects of the forcing temperature and the duration of chilling were highly significant (P < 0.001), as was also the interaction between these two factors. The differences between the species were not statistically significant. Although there were statistically significant differences and interactions among the ecotypes and bud types, the overall responses to the temperature were similar in all cases. In general, the differences between the ecotypes and bud types disappeared when the chilling was extended to 8 weeks (Figure 2d and h), and this caused statistically significant interactions between the duration of chilling and the forcing temperature. After 2 weeks of chilling, the budburst of lateral buds in the southern ecotypes was inhibited at 18 and 21 °C, as opposed to 15 °C (Figure 2f ). No such response was seen in any other case, and we do not have any explanation for this. Both the duration of chilling and the forcing temperature had a significant main effect on the days to 50% budburst (P < 0.001 for both factors, Figure 3a) . Increasing the duration of chilling from 2 to 8 weeks strongly reduced the number of days (Figure 3a) and day degrees to 50% budburst (Figure 3b ). In unchilled seedlings and seedlings chilled for only 2 weeks and subsequently forced at 9 °C, 50% budburst was not obtained, with a few exceptions, and therefore the interaction between the duration of chilling and the forcing temperature was not analysed for the complete data. In general, the effect of the forcing temperature on the day degrees to 50% budburst was relatively small, so that after all chilling treatments, increasing the forcing temperature brought only a slight decrease to the day degrees to 50% budburst (Figure 3b) . Thus, when the chilling is sufficient to allow 50% budburst, extended chilling has a larger effect on the day degrees to 50% budburst than the forcing temperature has.
After 8 weeks of chilling, the time to 50% budburst was shorter in B. pendula than in B. pubescens and in the southern than in the northern ecotypes, but these differences were not statistically significant. However, the apical buds burst slightly faster (total mean 15.4 days) than the lateral buds did (17.7 days) (P < 0.05).
Discussion
The testing of Vegis's (1964) 
theory
The present study shows that the expression of dormancy in seedlings of Betula is affected by the temperature conditions prevailing during the ontogenetic development towards budburst, so that the minimum temperature at which budburst can occur rises during the induction of dormancy and drops during the release of dormancy (Figures 1 and 2) . Thus, Vegis's (1964) theory is supported by our results. An increased ability for budburst at low temperatures with an increasing length of Temperature and bud dormancy in birch 341 natural chilling was indicated earlier in the results obtained by Heide (1993) , but he did not focus on this question and did not discuss it in the paper. To our knowledge, changes in the temperature responses during the initial stages of bud dormancy induction have not been documented before. Short-day treatment for 4 weeks had already induced significant dormancy in the northern ecotypes. Evidently, we should have included tests of budburst after 1, 2 and 3 weeks in SD to show a more gradual response to temperature during the induction of dormancy. However, in the absence of such data, a comparison between the southern (slow dormancy induction) and the northern (fast dormancy induction) ecotypes at 4 weeks in SD can also be used to illustrate this change in the temperature requirement for budburst during the induction of dormancy: The minimum temperature for growth is lower in the southern than in the northern ecotype after 4 weeks of chilling (Figure 1a and d), which corresponds to an earlier phase of dormancy in the slowly inducing southern ecotype than in the more rapidly inducing northern ecotype. The temperature range used in this study (9-21 °C) was not wide enough for us to draw any conclusions on optimal temperatures for budburst in the various ecotypes.
Budburst was monitored under a 24-h photoperiod, thus excluding light as a limiting factor. As a long photoperiod may substitute for some of the chilling requirement in birch (Heide 1993) , it is reasonable to expect an interaction between photoperiod and temperature on budburst during certain stages of bud dormancy, but such interaction was not investigated in this study.
The basic responses to the forcing temperatures were similar in apical and lateral buds (Figures 1 and 2) . Intact seedlings were used in this study and for this reason the growth of the lateral buds was also affected by correlative influences. However, preliminary unpublished experiments with singlenode cuttings indicate responses to the forcing temperature corresponding to those found in this study.
The interaction of the length of chilling and the forcing temperature found in the present study during the release of dormancy (Figure 2) is very similar to the response demonstrated for seeds of Betula nana L. (Junttila 1970) : in both the seeds and the buds of Betula, the release of dormancy was expressed as a widening of the germination-or growth-promoting temperature range towards lower temperatures. In other words, the ability of the birch to burst bud and germinate at low temperatures is acquired through chilling.
The main results of the present study are based on observations made after 60 days of forcing. Approximately similar durations of forcing have been used in other studies on budburst in Betula (Heide 1993, Myking and Heide 1995) . Clearly, at temperatures low enough to have a chilling effect, more or less complete budburst will finally take place, as was also shown in this study (Table 2) . Thus, an extended forcing period will confound the effects of chilling and forcing, and the forcing period used is sufficient to illustrate the interaction between the duration of chilling and the forcing temperature, which is the essence of Vegis's (1964) theory, tested in this study.
Gradual and dynamic developmental phases
Budburst is affected by a complex interaction of temperatures during the induction of dormancy, chilling and forcing. The chilling requirement is dependent on the temperature conditions prevailing before the chilling period, and chilling can also be replaced in part by a long photoperiod (Worrall and Mergen 1967 , Campbell and Sugano 1975 , Myking and Heide 1995 , Westgaard and Eriksen 1997 , Junttila et al. 2003 , Heide 2003 , Søgaard et al. 2008 ). The present results show that the chilling requirement also depends on the temperature prevailing after the chilling period. These responses emphasize the gradual and dynamic nature of the development from dormancy induction through dormancy release to budburst. This makes it difficult to separate the physiological phases of dormancy (Lang et al. 1987 ), particularly if a certain percentage of budburst is used as a criterion for the release of dormancy. Similarly, Leinonen (1996) concluded that no absolute point in time could be determined for the release of dormancy.
Consequently, it is also problematic to distinguish between the release of dormancy and the following ontogenetic development, particularly because budburst can take place even at 0 °C (Heide 1993, Myking and Heide 1995) . Both processes can proceed at the same temperatures, although both their effective temperature range and their optimum temperature may be different (e.g., Sarvas 1974) . For the northern tree species, we so far lack morphological, physiological or molecular markers to indicate the end point of dormancy release and the starting point of ontogenetic development.
Extended chilling has a significant effect on the time course of budburst even after the chilling requirement for 100% budburst has been satisfied. In the present study, an extension of chilling from 2 to 8 weeks at temperatures from 12 to 21 °C decreased the days to 50% budburst by 63% on the average (Figure 3a) . The present results support the assumption that the day degree requirement of budburst decreases with the accumulation of chilling, being fairly constant at all forcing temperatures with any given accumulation of chilling (Figure 3b; Cannell and Smith 1983 , Hänninen 1990 , Heide 1993 , Hänninen and Kramer 2007 . Due to this gradual decrease of day degrees to budburst with increasing chilling, the chilling requirement and the release of dormancy could be defined as a point at which additional chilling does not increase the rate of budburst or decrease the day degrees required for budburst any longer (Worrall and Mergen 1967, Campbell and Sugano 1975) . As the rate of development towards budburst is highly significant for the development of ecophysiological models of budburst (Hänninen 2006) , the interaction between the duration of chilling and the subsequent temperature conditions needs to be studied in more detail.
In the present study, extended exposure to forcing at 9 °C resulted in the release of dormancy in unchilled plants (Table 2) , supporting the conclusion that even temperatures up to 12 °C have a chilling effect on Betula (Myking and Heide 1995) . However, though budburst was 100% after several months at 9 °C and continuous light in the present study, shoot growth was not completely normal. Myking and Heide (1995) recorded budburst when green foliage was visible, and they did not follow the development of the shoot further. In Malus, exposure of dormant seedlings to 6 or 9 °C resulted in normal growth, but the growth potential of the buds was significantly reduced after exposure to 12 °C (Heide and Prestrud 2005) . Although we lack systematic studies, it is quite possible to argue that complete reactivation of the shoot meristem for new elongation growth may need more chilling than is needed for the initial growth of the leaf primordia.
The present study was carried out with young seedlings and at constant temperatures. Our results are similar to those of Heide (1993) , which were based on studies of twigs from adult trees. Although plant age has been suggested to affect the dormancy pattern in Picea abies (L.) Karst. (Partanen et al. 2005) , we have no evidence so far for the effect of plant age on the chilling or temperature requirement for budburst in Betula. Myking (1997) compared the effects of constant and fluctuating temperatures on budburst in Betula pubescens after chilling and concluded that day degrees to budburst was unaffected by diurnal temperature fluctuations.
Implications for modelling the effects of climatic warming
The current simulation models of dormancy release and budburst assume that after the chilling requirement is met in late autumn or early winter, slow ontogenetic development towards budburst takes place during mild periods in winter at temperatures slightly above zero. These models are based on experimental research addressing the effects of chilling temperatures on dormancy release and high forcing temperatures on budburst (see Hänninen and Kramer 2007 for a discussion). However, model tests with long-term air temperature and phenological records collected in natural conditions suggest that no such development takes place before spring (Häkkinen et al. 1998 , Linkosalo 2000 . In these tests simple models, such as traditional day degree models, have been more accurate in predicting the timing of budburst than the ecophysiologically more sophisticated models addressing also dormancy release. In the day degree models the chilling requirement is not addressed at all and the simulating of the ontogenetic development is started on a fixed day during spring, e.g., on the spring equinox on March 20. This implies that according to these simple but accurate models, no ontogenetic development takes place before the fixed starting day during spring, no matter how high air temperatures prevail during winter and early spring. Thus, even though the biological data in these studies consist of phenological records of visible budburst only, they provide indirect evidence for the notion that no invisible ontogenetic development leading to the visible budburst takes place during mild periods in winter (Häkkinen et al. 1998 , Linkosalo 2000 .
It may be hypothesized that Vegis's (1964) theory explains this contradiction. This is because, as mentioned in the Introduction, Vegis's (1964) theory implies that no ontogenetic response to temperatures slightly above zero is seen in natural winter conditions. This is despite the fact that the chilling requirement has been met and dormancy has been released in the sense that budburst is observed in the relatively high forcing temperatures generally used in experimental studies, but not occurring during the mild spells in winter in nature.
This hypothetical explanation requires an extrapolation from the present results, for the hypothesis requires that the budburst percentage should still display a response to the forcing temperature after 8 weeks of chilling in the temperature range of 0-9 °C and that this response should disappear only with prolonged chilling lasting until spring (Figure 4 ). This would explain why temperatures in that range do not show any promoting effect on ontogenetic development in modelling tests with field data (Häkkinen et al. 1998 , Linkosalo 2000 even though, when measured in the experimental forcing conditions of T > 9 °C, the chilling requirement of dormancy release is met after 8 weeks of chilling, as happened in the present study. To test this hypothesis, an experiment with forcing temperatures at 0-9 °C and chilling Temperature and bud dormancy in birch 343 lasting maximally several months would be needed (Figure 4) . Carrying out such experimental studies with many tree species is called for, since, as discussed above, the hypothesis based on Vegis's (1964) theory (Figure 4) is critical for the risk of premature growth onset and subsequent frost damage under climate warming.
Conclusions
The results of the present study show that the expression of bud dormancy in B. pubescens and B. pendula depends on the forcing temperature, as predicted by Vegis's (1964) theory: the minimum temperature for budburst rises during the induction and drops during the release of dormancy. During the induction of dormancy, budburst is prevented, first at low temperatures, and then gradually at higher and higher ones. During dormancy release with increasing chilling, the buds regain their ability to burst, first at high temperatures, and then gradually at lower and lower ones. Vegis's (1964) theory is critical for assessing the effects of climate warming on northern trees. Thus our results call for further experimental testing of Vegis's (1964) theory with various temperate and boreal tree species. Such tests should also address the critical air temperature range between 0 and 9 °C not included in the present study.
